Podoplanin (RTI40, aggrus, T1a, hT1a-2, E11, PA2.26, RANDAM-2, gp36, gp38, gp40, OTS8) is a type I cell marker in rat lung. We show that a bacterial artificial chromosome vector containing the rat podoplanin gene (RTIbac) delivers a pattern of transgene expression in lung that is more restricted to mouse type I cells than that of the endogenous mouse podoplanin gene. RTIbac-transgenic mice expressed rat podoplanin in type I cells; type II cells, airways, and vascular endothelium were negative. A modified bacterial artificial chromosome containing internal ribosome entry site (IRES)-green fluorescent protein (GFP) sequences in the podoplanin 39UTR expressed rat podoplanin and transgenic GFP in type I cells. RTIbac transgene expression was absent or reduced in pulmonary pleura, lymphatic endothelium, and putative lymphoid-associated stromal tissue, all of which contained abundant mouse podoplanin. Rat podoplanin mRNA levels in normal rat lung and RTIbac transgenic lung were 25-fold higher than in corresponding kidney and brain samples. On Western blots, transgenic rat and endogenous mouse podoplanin displayed very similar patterns of protein expression in various organs. Highest protein levels were observed in lung with 10-to 20-fold less in brain; there were low levels in thymus and kidney. Both GFP and rat podoplanin transgenes were expressed at extrapulmonary sites of endogenous mouse podoplanin gene expression, including choroid plexus, eye ciliary epithelium, and renal glomerulus. Because their pulmonary expression is more restricted than endogenous mouse podoplanin, RTIbac derivatives should be useful for mouse type I cellspecific transgene delivery.
Transgene expression strategies targeting alveolar type II cells and Clara cells have significantly enhanced our understanding of pulmonary function and development (reviewed in Ref. 1) . In contrast, alveolar type I cells have proven recalcitrant to these approaches. These cells cover more than 95% of the internal lung surface area (2) and exhibit a morphology highly distinct from other lung epithelial cells, yet few type I cell-specific promoters suitable for transgene expression vectors have been identified. For a number of years, we have studied podoplanin, an apical membrane glycoprotein previously known as RTI40 that is preferentially expressed in type I cells in rat lung (3) (4) (5) . This expression pattern suggested the use of the podoplanin gene in type I cell-specific transgene vectors.
Podoplanin, the name originally used by Breiteneder-Geleff and colleagues, is now the accepted descriptor of this gene (6) ; however, many groups have described orthologous or identical genes (TIa [7] , hTIa-2 [8] , PA2.26 [9] , RANDAM-2 [10] , E11 [11, 12] , OTS8 [13] , Aggrus [14] , gp38 [15] , gp40 [16] , and gp36 [17] ). A clear in vivo function for podoplanin has remained elusive despite many genetic and biochemical investigations into properties of the protein (18) (19) (20) (21) (22) (23) . Several of the above reports described podoplanin expression in extrapulmonary sites such as renal podocytes, thymic stromal cells, and lymphatic vessel endothelium. In an effort to reconcile these varied reports with our own experience of restricted podoplanin expression in rat lung, we hypothesized that transgenes employing the rat gene would have a more restricted expression range in lung than the endogenous mouse gene.
Short podoplanin promoter fragments have not proven effective at driving accurate transgene expression. Although transfection results defined a 1.1-kbp basal promoter for the rat gene, both 1.3-kbp and longer DNA fragments did not confer highlevel type I cell-specific expression in adult transgenic mice (24-26; J. N. Vanderbilt and L. G. Dobbs, unpublished observations). Lacking detailed knowledge on the fully functional podoplanin promoter, we turned to bacterial artificial chromosomes (BACs), extremely large (100-300 kbp), modifiable, circular vectors available as isolates from arrayed libraries spanning the genome of a given species (27) . We used a BAC vector (RTIbac) containing the rat podoplanin gene flanked by 106 kbp of upstream and 27 kbp of downstream DNA sequence to deliver transgenes to type I cells in the mouse alveolar epithelium. We also modified RTIbac to express green fluorescent protein (GFP) from an internal ribosome entry site (IRES) inserted into the podoplanin 39UTR. Both BACs conferred selective transgene expression in type I cells in a more restricted pattern than the endogenous mouse podoplanin gene. Transgene expression was absent or reduced in three pulmonary locations that contained abundant mouse podoplanin: pleura, lymphatic endothelium, and lymphoid-associated stromal tissue. Because their pulmonary expression is more restricted than endogenous mouse podoplanin, RTIbac derivatives should be useful for mouse type I cell-specific transgene delivery. Portions of these results were published previously in abstract form (28) . a rat BAC library (screening performed by Genome Systems, St. Louis, MO). RTIbac (clone address 240G15) hybridized to both probes and contains an insert in the pBeloBAC11 vector (29) of approximately 168 kbp corresponding to nucleotides 162,114,322 to 162,282,008 on the rat chromosome 5 genomic map (www.ncbi.nlm.nih.gov/genome/guide/rat/). RTIbac was maintained in the Escherichia coli strain DH10B. BAC DNA was isolated from overnight cultures in Luria Bertrani media containing 12.5 mg/ml chloramphenicol. Bacterial pellets were disrupted by alkaline lysis, and the crude BAC DNA was subjected to two rounds of cesium chloride equilibrium density gradient centrifugation. For microinjection into fertilized mouse eggs, DNA was concentrated by centrifugation through a Centriprep-30 membrane (Amicon, Beverly, MA) including two sequential washes with 10 mM Tris-HCl pH 7.4, 0.1 mM EDTA (pH 8.0) in the external chamber until the final volume in the centriprep unit was 500 ml. The DNA was filtered through a 0.45-mm filter (SLHV004NL; Millipore, Billerica, MA) and analyzed by ultraviolet spectrophotometry and gel electrophoresis.
BAC Modification
RTIbac was modified in DH10B as described by Gong and colleagues (30) . The process involves two key recA-mediated recombination events between the BAC resident in E. coli and an introduced shuttle vector containing both the desired modification (IRES-GFP) and specialized functionalities that effect and select for recombination (recA, sacB, and amp r genes and an R6Kg origin). Two DNA segments of about 300 bp each (A and B homology boxes), corresponding to BAC DNA sequences 59 and 39 of the desired modification site in exon 6 of the podoplanin gene, were cloned 59 and 39 of the IRES-GFP sequences in the shuttle vector to create targets for homologous recombination. Shuttle vector cloning details are provided below.
The first recombination event occurs after electroporation of the shuttle vector into RTIbac/DH10B cells and subsequent production of recA. Recombination events between either A or B boxes on the shuttle vector and the homologous sequences in the BAC generate cointegrate molecules containing the BAC with the complete shuttle vector positioned between duplications of the homology boxes. Shuttle vectors that have not recombined do not replicate because their R6Kg origin is nonfunctional in DH10B cells (31) . Two classes of cointegrate result, one from recombination through the A box, the other through the B box. Both classes are selected by growth on chloramphenicol plus ampicillin, then screened by PCR and Southern blotting for either of the two equally acceptable cointegrate possibilities.
A second recombination, this time intramolecular within a cointegrate molecule, has two possible outcomes depending on which pair of duplicated homology boxes recombine. One reaction deletes the entire shuttle vector to regenerate the starting BAC. The other reaction, preferable to the investigator but indifferent to the cell, retains the desired IRES-GFP modification while deleting the remaining shuttle vector sequences (recA, sacB, and amp r and R6Kg origin). Both recombination events were selected by growth on chloramphenicol plus 4.5% sucrose (the sacB gene product metabolizes sucrose to a toxic product). The two possible outcomes were then distinguished by PCR. Candidate modified BACs were further analyzed by Southern blotting, restriction enzyme digestion and partial sequencing, always by reference to the parental RTIbac.
Shuttle Vector Construction
The general configuration of the shuttle vector was described above in the BAC modification section. The A and B homology boxes were PCR amplified from RTIbac DNA and cloned into pCR-Script (Stratagene, Cedar Creek, TX) using primers JV0303, 59-GACATC AGGCGCGCCCTTTTTACAAGCCTCCAAACCCTC-39 with added 59 Asc I site (italics) and JV0304, 59-CATCAAACCTTTCCATCCAC CAC-39 for the A box and JV0305, 59-GACATCATTAATTAAGT CTTCGTGACATACCACATCTTCC-39 with added Pac I site (italics) and JV0306 59-GACACACACCTTTAGTCCCACTGC-39 for the B box. The A box fragment was excised with Sma I and Asc I and ligated into identically cut PLD53SCAEB (30) to create p120.18. The B box fragment was excised with Sma I and Pac I then inserted in p120.18 between Pac I and T4 DNA Polymerase blunted Fse I sites to create p122.1. The IRES sequence was excised from pIRES2EGFP (BD Biosciences Clontech, San Jose, CA) and inserted as a 0.65-kbp Bgl IINco I fragment into pLitmus28i (New England Biolabs, Ipswich, MA) to make pLIRES. The Nco I to Sac I fragment (0.65 kb) from pLIRES containing the IRES element was linked to a 1.4-kbp Nco I-Bam HI EGFP-B-box fragment from p122.1 between Bam HI and Sac I sites in pBluescript SK-(Stratagene) to create the cloning intermediate p124B.
Finally, a 1.6-kbp Bam HI-Pac I fragment from p124B was cloned in a triple ligation with 6.5 kbp Pac I-Asc I and 0.3 kbp Asc I-Bam HI fragments from p122.1 to generate p126B3, the shuttle vector for recombination with RTIbac. All R6Kg-based plasmids were grown in pir2 cells (Invitrogen, Carlsbad, CA) and purified from 1-liter cultures using alkaline lysis and two rounds of CsCl equilibrium density gradient centrifugation. All other plasmids were maintained in DH5a cells and isolated with Qiagen Midi kits (Qiagen, Valencia, CA)
Real-Time RT-PCR
Total RNA, extracted from tissues with RNeasy kits (Qiagen) including on-column digestion with DNase I, was reverse transcribed with AMV reverse transcriptase (Invitrogen) and analyzed in triplicate on an ABI PRISM 7700HT Sequence Detector System as described using primers (forward, 59-CAGTGTTGCTCTGGGTTTTGG-39; reverse, 59-AGACCTGGGTTCACCATGTCA-39) and detection probe (6FAM-ATGGCCCCTCCCTGCGCTGA-TAMRA) specific for rat podoplanin. The data were normalized to the amount of 18S ribosomal RNA in each sample (TaqMan Ribosomal RNA control reagents, Applied Biosystems, Foster City, CA) then compared with a standard curve of rat podoplanin plasmid to determine the amount of each mRNA in the starting sample. RNAs isolated from the organs of three animals were each assayed in triplicate and the data were averaged.
Western Blots
After collection, tissues were minced with a surgical scalpel, then dispersed by pipetting 20 times through a wide-bore 1,000-ml tip in 400 ml extraction buffer (50 mM Tris Base, 4M urea, 20% glycerol, 2 mM EDTA, 2 mg/ml DNase I, 0.5 mM PMSF) and homogenizing (setting 3 for 10 s) with a PowerGen 700 tissue homogenizer (Thermo Fisher Scientific, Waltham, MA). Each sample received an equal volume of 23 Laemmli sample buffer followed by 10 passes through a 25-gauge needle. Samples were spun (14,000 3 g for 2 min), the supernatant heated (958C for 4 min) and spun again. Extracted proteins (160 mg per lane for liver, kidney, thymus, and brain, 16 mg for lung as determined by BCA assay [Pierce, Rockford, IL]) were run on SDS-polyacrylamide gels (12%) and electroblotted to nitrocellulose. Membranes were incubated in 15% hydrogen peroxide for 10 minutes and blocking buffer (Tris buffered saline with 1.0% nonfat dried milk, 0.4% fish tail gelatin, and 0.1% bovine serum albumin) for 2 hours. All subsequent incubations and washes were in TBS/T (Tris buffered saline with 0.1% Triton X-100). Primary and secondary antibody incubations (1:3,000 dilution for each) were for 40 minutes each, followed by 20 washes of 50 ml TBS/T for 2 minutes each. Labeled secondary antibodies were detected on film with ECLplus (GEhealthcare, Piscataway, NJ) per the manufacturer's recommendations. Chemiluminesence signals were collected on a Molecular Dynamics Storm 840 phosphoimager and quantified with ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
Microscopy
Tissues were fixed, frozen, and sectioned as described previously (32) . Two-micrometer cryosections were stained with antibodies to rat podoplanin (1:1,000 dilution of antibody referred to as anti-RTI40 [3] ) or mouse podoplanin (1:200; #8.1.1 from Developmental Studies Hybridoma Bank, University of Iowa. This is the original anti-gp38 monoclonal antibody described by Farr and colleagues [15] ). The antibody against rat podoplanin does not recognize the mouse protein and vice versa ( Figures 2B and 2E ). Other antibodies included anti-GFP (1:200; A-21311 from Invitrogen) and anti-LYVE-1 (1:1,000; #07-538 from Upstate Biochemicals, Lake Placid, NY [33] ). Antigen retrieval was necessary to visualize LYVE-1 staining, consistent with previous studies (33) . For these sections, slides were incubated for 10 minutes in Dako Target Retrieval Solution (Dako, Carpenteria, CA) while immersed in a 958C water bath, then cooled and rinsed with distilled water. GFP antibody was directly conjugated to Alexa 488; all other antibodies were followed by the appropriate goat anti-mouse, goat anti-rabbit, or goat anti-hamster IgG Alexa 594-or Alexa 488-conjugated secondary antibodies at 1:3,000 (Invitrogen). Nuclei were visualized with DAPI stain. Slides were mounted in Prolong (Invitrogen) and examined on a Leica Orthoplan fluorescent microscope. Color images (2,600 3 2,060 dpi) were captured in separate channels by a Leica DC500 digital camera. For the composite images shown in 
RESULTS

Transgenic Mouse Lines Expressing the Rat Podoplanin Gene
For a number of years, we have used rat podoplanin protein and mRNA expression, under the name RTI40, as markers of the alveolar type I cell phenotype (3, 4, 34) . In contrast to mouse podoplanin expression in lymphatics (22), we observed that the rat podoplanin protein in lung appeared to be type I cellrestricted (see Figure 3 of Ref.
3). To test the idea that a transgene vector containing the rat podoplanin gene and promoter might confer a more selective type I cell expression profile than the endogenous mouse podoplanin gene, we isolated a BAC, designated here as RTIbac, from a rat genomic library using sequential screens with two widely separated podoplanin gene probes. Mapping and partial sequencing positioned the 33-kbp podoplanin gene (26) midway on the RTIbac insert with 106 kbp and 27 kbp of upstream and downstream genomic DNA, respectively. With the release of the rat genome sequence, we were able to identify the RTIbac insert on chromosome 5 between nucleotides 162,114,322 and 162,282,008. , wild-type mouse (E-H), and line 9 transgenic mouse (I-T) were double-antibody stained with anti-rat (green) and anti-mouse (red) podoplanin antibodies. Separate channels are shown for green (A, E, I, M, and Q) and red (B, F, J, N, and R) staining along with the corresponding merged (C, G, K, O, and S) and phase contrast images (D, H, L, P, and T). Note higher magnification for M-T. Scale bar indicates 10 mm. Merged images were created from separately collected channels as described in MATERIALS AND METHODS. Control reactions on normal rat (B) and wildtype mouse (E) lung demonstrate species specificity of the antibodies. Transgenic rat and endogenous mouse podoplanin overlap in line 9 type I cells with no expression in type II cells (arrows) or airway epithelium. Among 18 pups produced after pronuclear injection of circular BAC DNA, we identified 6 transgenic founders whose DNA contained RTIbac sequences. All six transmitted RTIbac DNA to their offspring, thereby establishing six independent RTIbac transgenic lines (lines 2, 5, 6, 9, 12, and 14, named after the pup number in the original litter). As shown in Figure 1 , five of these (lines 2, 5, 6, 9, and 12) expressed rat podoplanin in alveolar epithelial type I cells but not type II cells when screened by immunofluorescence with an anti-rat podoplanin monoclonal antibody (3) that did not cross react with mouse podoplanin (Figure 1 , wt). Line 9 generated the highest level of type I cell staining; lines 2, 6, and 12 were slightly lower; and line 5 staining was weak. Line 14 was the only line that did not express detectable levels of the rat protein (not shown).
Type I Cell-Specific Podoplanin Transgene Expression in the Alveolar Epithelium
Line 9 was chosen for further analysis based on the strong and uniform immunofluorescent signal in lung sections stained with the anti-rat podoplanin antibody ( Figure 1 ). Using comparative genomic PCR reactions, we estimated that line 9 has between 4-and 8-fold higher RTIbac insert copy number than normal rat The grayscale inset in C shows lower expression in pleura than in alveoli. (E-H) Line 9 mouse lung co-stained for transgenic rat (green) and endogenous mouse (red) podoplanin. (E) Merged image created from separately collected red and green channel images in F and G, respectively. Note low rat podoplanin and high mouse podoplanin expression in pleura relative to type I cell staining in alveoli. H shows the paired phase contrast image. Scale bar indicates 10 mm. Figure 2 , we used double antibody staining to compare expression of the rat transgene with endogenous mouse podoplanin, also expressed in type I cells (35, 36) . Each antibody identified its target protein with no cross-reaction on the appropriate normal control tissue (Figures 2A-2H ). Because two different antibodies were used to label the two proteins, it is not possible to compare relative levels of rat and mouse podoplanin expression directly. However, qualitative comparison of tissues labeled with the same antibody does seem justified.
DNA (described in MATERIALS AND METHODS). In
Examination of the separate channel images for each immunofluorescent probe in Figure 2 (rat podoplanin, green in Figures  2I, 2M , and 2Q; mouse podoplanin, red in Figures 2J, 2N , and 2R) as well as the merged images of the two channels ( Figures  2K, 2O , and 2S) revealed that both proteins were present on all line 9 type I cells in these images. All type II cells, identified by the presence of phase-lucent lamellar bodies, were negative for both proteins. The relative strengths of rat podoplanin staining in line 9 ( Figure 2I ) versus normal rat (Figure 2A ) lung were very similar, as was mouse podoplanin staining in line 9 ( Figure 2J ) and wild-type ( Figure 2F ) mouse lung. Higher magnification, dual stained images of type I cells, airway and a type II cell from line 9 are shown in Figures 2M through 2T. Expression of both proteins appeared to co-localize to a region consistent with the previously described type I cell apical plasma membrane expression of native rat podoplanin (3). In striking contrast, the airway epithelium and the type II cell were negative for expression of either protein. From these images and others covering broader areas of the lung (not shown), we conclude that most, if not all, type I cells in line 9 lung express rat podoplanin.
Modification of RTIbac to Express GFP in Type I Cells
The results with line 9 highlighted the potential of RTIbac derivatives to deliver functional gene products to type I cells. With this goal in mind, we modified RTIbac to express green fluorescent protein (GFP) under control of an internal ribosome entry site (IRES) (30) . We positioned GFP in the 39UTR under IRES control to minimize disruption of potential podoplanin regulatory sequences while maintaining integrity of the podoplanin marker gene. In addition, this approach provides an independent marker of podoplanin gene expression on histologic sections. The modified BAC should direct two proteins, each translated independently from a common transcript, to distinct locations in type I cells: GFP to the cytoplasm and podoplanin to the apical plasma membrane. From 21 pups, we identified 7 transgenic founders, two of which were established as stable RTIbacGFP lines. One of the lines was characterized in detail although both produced similar levels of GFP expression in lung.
In Figure 3 , we show immunofluorescence staining of RTIbacGFP transgenic mouse lung sections. We used an anti-GFP antibody to better visualize the protein because native GFP fluorescence was weak, although detectable. Both transgenic proteins, GFP and rat podoplanin, were expressed on all type I cells, with no expression in type II cells, airway epithelium, or blood vessel endothelium. In sharp contrast to the apparent apical membrane localization of transgenic rat podoplanin ( Figure 3K ), GFP defined the entirety of the type I cell, including thin cytoplasmic extensions, nucleus, and, particularly striking, the thickened perinuclear region ( Figures 3A, 3D, 3F, 3H, and 3J) . Interaction of GFP and DAPI fluorescence imparted a bluish-green color to many type I cell nuclei ( Figures 3A and 3B, asterisks) . We conclude that RTIbac can be modified within the 39UTR of the rat podoplanin gene with exogenous gene sequences under IRES control to deliver transgenes to type I cells while maintaining expression of the rat podoplanin marker.
Increased Specificity of Transgenic Versus Endogenous Podoplanin Expression in Lung
Throughout the alveolar epithelium that we examined, transgenic rat podoplanin was co-expressed with endogenous mouse podoplanin. We did observe, however, three regions in the lung where staining for the two proteins was different, notably in pleura, lymphatic vessels, and lymphoid-associated stromal tissue.
Pleura. Two recent reports described podoplanin expression in human and mouse pleura (35, 37) . Our experience with adult rats is that podoplanin staining, when observed in the pleura, is very weak relative to surrounding type I cells. To explore this issue, we directly compared pleural and alveolar podoplanin staining in rat, line 9, and wild-type mouse lung. In rat lung ( Figures 4C and 4D) , pleural staining was much weaker than in adjacent alveolar regions. In wild-type mouse lung ( Figures 4A  and 4B ) the reverse was apparent, with stronger pleural than alveolar staining, a contrast more apparent in the grayscale insets within the images. Divergent pleural podoplanin expression patterns of both species were evident in line 9 lung, with the mouse protein stronger ( Figure 4F ) and the rat protein weaker ( Figure  4G ) in pleura compared with type I cell staining. The difference is more evident in the merged image ( Figure 4E ), where the red staining of mouse podoplanin largely dominates in pleura, whereas the alveolar region displays either a yellow or greenishyellow color shift, indicating co-expression of both proteins.
Lymphatic endothelium. Podoplanin is a widely used marker of lymphatic vascular endothelial cells (11, 22, 38) . Although relatively rare in rodent distal lung, lymphatic capillaries and vessels form a meshwork within the connective tissue surrounding respiratory bronchioles and larger airways (39) . Podoplanin identification in pulmonary lymphatics is difficult given its abundant and pervasive expression in the enveloping alveolar epithelium. In addition, a discontinuous basement membrane renders lymphatic capillaries and vessels particularly susceptible to collapse unless special techniques are employed to maintain patency during fixation (39) . We used an antibody to LYVE-1 (33) to identify lymphatic endothelium with the caveat that in mouse lung, LYVE-1 also stains some small blood vessels (40) .
In Figure 5 , we double antibody stained two serial sections of RTIbacGFP transgenic lung, the first for LYVE-1 and mouse podoplanin ( Figures 5B and 5C ) and the second for LYVE-1 and rat podoplanin ( Figures 5F and 5G) . In both serial sections, LYVE-1 stained the same two structures, one a blood vessel containing numerous erythrocytes ( Figure 5 , ''bv''), the other consistent with a lymphatic capillary, based both on its location and its appearance ( Figure 5 , grayscale insets). Mouse podoplanin staining in the LYVE-1-negative, lymphatic-like structures (long arrows in Figure 5 ) is discussed in the following section. The blood vessel did not stain for either rat or mouse podoplanin. The presumptive lymphatic stained for both but, as in pleura (Figure 4 ), there were qualitative differences; these are evident in the grayscale insets within Figure 5 . Rat podoplanin staining was lower in the LYVE-1-positive lymphatic than in nearby type I cells ( Figure 5G ). In contrast, mouse podoplanin staining appeared equivalent to type I cell staining ( Figure 5C ). Similar patterns were observed for several serial section pairs stained in the same manner (not shown). This observation was not an artifact of subtle differences in serial section position, because not only was LYVE-1 staining consistent from section to section, but also rat podoplanin staining was always less prevalent than that for mouse. The reverse, as would occur if the staining bias were due to subtle differences in vessel structure between consecutive sections, was never observed.
In Figures 6A, 6C , and 6E, a distinct pulmonary section stained for endogenous mouse podoplanin ( Figure 6A ) and transgenic GFP ( Figure 6C ) showed very clear differences between the two labels. A large, open, lymphatic-like structure closely apposed to an airway, was strongly positive for mouse podoplanin but negative for GFP (asterisks in Figure 6 ). Neighboring alveoli contained both endogenous mouse podoplanin and transgenic GFP in type I cells. This structure appears to be a lymphatic vessel, although we could not use LYVE-1 staining to confirm this because the antigen retrieval process used for LYVE-1 detection (33) destroyed native GFP fluorescence and antigenicity.
Lymphoid-associated stroma. Among the early descriptions of mouse podoplanin was gp38, a glycoprotein expressed in T cell zone stroma of lymphoid organs (15) . Development and function of this important lymphoid tissue component are routinely monitored with the same anti-mouse podoplanin (gp38) monoclonal antibody that we have used here (41, 42) . Although pulmonary foci of lymphocytic infiltration are well described (for example, see Ref. 43 ), the associated stromal regions that support these infiltrates have not, to our knowledge, been characterized but would likely express mouse podoplanin. We emphasize the putative nature of this pulmonary T cell zone stroma because, until it is characterized in more detail, it is only postulated to exist.
We noted mouse podoplanin staining over several areas consistent with lymphoid-associated stroma (43) (44) (45) . One (Figures 6B, 6D , and 6F) was airway-apposed and contained a loose reticular network of mouse podoplanin-positive cells ( Figure  6B ) that were negative for GFP ( Figure 6D ). There were similar areas in the two serial sections shown in Figure 5 . As described previously, LYVE-1 labeled the lymphatic endothelium in both sections ( Figures 5B and 5F ). One section was labeled for endogenous mouse podoplanin ( Figure 5C ) and the other for transgenic rat podoplanin ( Figure 5G ). An extensive mouse podoplanin-positive area immediately adjacent to the airway epithelium ( Figure 5C , long arrows) was negative for both rat podoplanin ( Figure 5G , long arrows) and LYVE-1 ( Figure 5F ). The center of this region ( Figure 5B , middle long arrow), closely associated with the LYVE-1-positive lymphatic, had a reticular pattern similar to that shown in Figure 6B . In contrast, on either side of the reticular area, structures resembling collapsed lymphatic vessels extended parallel to the adjacent airway epithelium but, again, did not stain for LYVE-1 ( Figure 5B , top and bottom long arrows; see also Ref. 39 ). Thus, in this transgenic line, endogenous mouse podoplanin but not trans- Figure 6 . Pulmonary expression of GFP transgene is more restricted than the endogenous mouse podoplanin gene in RTIbacGFP-transgenic lung. RTIbacGFP-transgenic lung sections were co-stained for mouse podoplanin (red in A and B) and GFP (green in C and D). The corresponding phase contrast images are in E and F. Note extensive mouse podoplanin staining (red) in lymphatic-like structure (asterisk in A) and lymphoid-associated stroma in B. Both are negative for GFP expression. GFP and mouse podoplanin are co-expressed in type I cells within alveoli (A and C) ; TI, type I cells; TII, type II cells; BV, blood vessel. Scale bar indicates 10 mm. Figure 5 . Differences between endogenous mouse and transgenic rat podoplanin expression in lymphatic vessels and lymphoid associated stroma of RTIbacGFPtransgenic mouse lung. Two serial sections of RTIbacGFP-transgenic lung were co-stained for LYVE-1 (green in B and F) and either mouse (red in C) or rat podoplanin (red in G). Boxed areas in lowmagnification phase contrast images (A and E) are enlarged in the three images to the right of each, including enlarged phase contrast images in D and H. Insets show grayscale images of an LYVE-1 staining lymphatic (B and F) and the same structure stained for mouse (C) and rat (G) podoplanin. Note the reduced rat podoplanin staining in the LYVE-1-positive lymphatic relative to alveolar staining. Long arrows identify LYVE-1-negative airway apposed structures staining for mouse but not rat podoplanin that are consistent in location with lymphoid-associated stroma (center long arrow) and peribronchial lymphatics (upper and lower long arrows). Scale bars are as indicated; bv, blood vessel.
genic rat podoplanin or its GFP surrogate identified a cellular compartment spatially distinct from alveoli that may correlate with T cell zone stroma described in lymphoid organs (15, 41, 42) . Coupled with the reduced staining for transgene expression in pleura and lymphatic endothelium, the complete lack of rat podoplanin staining in this putative lymphoid associated stromal compartment further supports our conclusion that RTIbac confers a more restrictive pattern of podoplanin expression in pulmonary tissue than does the endogenous mouse gene. Table 1 summarizes these observations.
Transgene Expression in Extrapulmonary Organs
We compared rat podoplanin mRNA levels in lung, brain, and kidney from normal rat, line 9, and wild-type mice using ratspecific primers in real time RT-PCR reactions (Table 2) . We expressed our results as the percentage of podoplanin RNA in lung (either rat or line 9) following standardization to the amount of 18S ribosomal RNA in each sample. The data showed that podoplanin mRNA levels in normal rat brain and kidney were 4.2% and 3.6% of those of rat lung. Similarly, rat podoplanin mRNA levels in line 9 brain and kidney were 4.8% and 3.0% of those in line 9 lung. On the other hand, absolute levels of rat podoplanin mRNA expression in line 9 lung, brain, and kidney were 5.9-, 4.9-, and 6.6-fold higher than in the corresponding rat organs. This generally uniform increase in transgene transcript level may reflect the corresponding increase in RTIbac insert copy number in line 9. We detected no rat podoplanin mRNA in wild-type mouse organs, thereby demonstrating the specificity of the PCR primers and probe (not shown).
Rat and mouse podoplanin protein expression in various organs of line 9 and wild-type mice as well as normal rats was examined on the Western blots shown at the top of Figure 7 . Both proteins migrated on SDS gels with apparent molecular weights of 40 kD (5, 15) and were detected separately by the two antibodies with no evidence of cross reactivity on podoplanin of the inappropriate species. Extremely strong podoplanin expression in lung compared with other organs led us to load 10-fold less protein on lung lanes to quantitate the relative band intensities lung and brain. The signals in the other lanes (liver, kidney, and thymus) were too low for reliable sample quantitation. The pattern of rat podoplanin expression was very similar between rat and line 9 mouse organs with very high expression in lung, 10-to 20-fold less in brain, and extremely low levels in kidney and thymus. The expression pattern of the endogenous mouse protein was similar with highest expression in lung, 10-to 20-fold lower in brain, and extremely low levels in kidney and thymus (Figure 7) . Expression of either protein in liver was consistently at background levels. Absolute levels of transgenic rat podoplanin in line 9 lung and brain were 2-to 4-fold higher than in the corresponding normal rat organs and correlated with similar increases in mRNA levels ( Table 2) . Signals in kidney, thymus, and liver were too low to make similar comparisons between line 9 and normal rat. Transgene overexpression did not appear to affect endogenous podoplanin gene expression, since levels of the mouse protein in the various organs were indistinguishable between line 9 and wild-type mice. We conclude that both genes are expressed in similar relative amounts in the organs examined and, furthermore, that the same relative pattern is expressed by the RTIbac rat podoplanin transgene. On a separate Western blot (not shown), we determined that the RTIbacGFP line expressed less rat podoplanin in lung than line 9 and approximately the same amount as in normal rat lung.
The transgenic mRNA and protein expression profile in extrapulmonary organs suggested that RTIbac transgene expression was accurately regulated in line 9. We were curious to determine if the BAC conveyed cell-specific expression within some of these organs. For this purpose, we examined RTIbacGFP mice at three well-characterized sites of podoplanin expression: choroid plexus, eye ciliary epithelium, and renal podocytes (Figure 7, bottom) . Endogenous mouse (Figures 7B, 7H, and  7N ) and transgenic rat ( Figures 7E, 7K , and 7Q) podoplanin were detected in all three locations with prominent staining for both proteins in choroid plexus and ciliary epithelium and rather diffuse staining in kidney. These patterns were very similar to those reported previously for rat and mouse proteins (6, 11, 46) . Background staining of the rat anti-podoplanin antibody on wildtype or transgenic mouse organs was higher than with the mouse anti-podoplanin antibody, perhaps due to Fc-receptor binding of the mouse anti-rat podoplanin monoclonal antibody ( Figures  7E, 7K , and 7Q, wild-type staining not shown). GFP expression paralleled that of mouse and transgenic rat podoplanin in ciliary epithelium and choroid plexus, but was extremely weak in kidney. The combination of real-time PCR, Western blot, and immunofluorescence microscopy data (Table 2 and Figure 7) indicates that RTIbac and its IRES-GFP derivative convey cell-specificity of transgene expression in extrapulmonary organs that closely correlates with expression of the mouse and rat podoplanin genes.
DISCUSSION
RTIbac is an effective vector for directing transgene expression to type I cells in the mouse alveolar epithelium. Using the native rat podoplanin gene and IRES-GFP derivatives, we demonstrated prominent transgene expression in type I cells, whereas type II cells and airways were negative. Transgenes showed reduced or no expression in pleura, lymphatic endothelium, and lymphoid-associated stroma, all three sites of strong endogenous mouse podoplanin gene expression in the lung. In nonpulmonary tissues, expression was consistent with previous reports of podoplanin in brain choroid plexus, optic cup ciliary * Picograms of rat podoplanin cDNA per 50 ng total cDNA transcribed from total RNA of the indicated normal rat or line 9 mouse tissue. Data represent the average 6 SD on triplicate assays of the RNA isolated from each of three organ samples, each isolated from a different animal.
† Ratio of rat podoplanin cDNA measured in line 9 tissue to that in normal rat tissue. Staining with anti-mouse or anti-rat podoplanin antibody in nonalveolar sites was judged relative to staining by the same antibody in the alveolar epithelium. Summary of data shown in Figures 4 and 5. epithelium, and renal glomerulus. Levels of transgenic rat podoplanin mRNA and protein paralleled those of the native rat gene in all organs examined. The highly specific transgene expression in adult type I cells indicates that additional RTIbac derivatives will be useful for type I cell biology experiments requiring ectopic gene delivery to this important cell type that covers more than 95% of the alveolar epithelium.
Immunofluorescence microscopy identified three regional differences in lung between transgenic rat and endogenous mouse podoplanin expression that support our conclusion of heightened specificity for the rat transgene. First, the transgene was not expressed in a class of cells closely apposed to airway epithelium that was positive for mouse podoplanin. These cells did not express a lymphatic marker, LYVE-1, although LYVE-1-positive lymphatics were often in close proximity. A lymphoid-associated stromal identity for these cells, though speculative, is consistent with both expression of mouse podoplanin on T cell zone stroma in peripheral lymphoid tissues (15, 41, 42) and observations of lymphoid accumulations in similar subepithelial airway regions during infection and lung injury (43) (44) (45) . A second difference was noted in lymphatic endothelium, where mouse podoplanin staining was equivalent to that of type I cells, whereas by the same standard, staining for the rat transgene was reduced. Finally, RTIbac conferred a rat pattern of low podoplanin expression in pleura relative to the adjacent alveolar epithelium. In contrast, expression of mouse podoplanin was consistently stronger in pleura than in type I cells. Therefore, of the four distinct pulmonary cell types that expressed mouse podoplanin, all at roughly comparable levels (type I, pleura, lymphatic endothelium, and presumptive lymphoid stroma), only type I cells expressed the rat transgene at high levels. The remaining four transgene-expressing lines were not extensively studied for pleura, lymphatic, and lymphoid stroma expression, although the preliminary screen of these lines (Figure 1 ) appeared similar to line 9 with the exception of type I cell expression levels.
Because our immunofluorescence microscopy used two different podoplanin antibodies, one for mouse, the other for rat, we could not directly compare staining for the two proteins on the same cell. Instead, we relied on reference to type I cell staining in nearby alveoli of the same section. In Figure 4 , for example, we could not conclude that there was more mouse than rat podoplanin in line 9 pleura, only that there was more mouse podoplanin staining in pleura than in type I cells and, similarly, that there was less rat podoplanin staining in pleura than in type I cells. By using GFP as a second measure of transgene expression, we sought to minimize potential epitope access problems resulting, for example, from protein modification or alternative splicing. This approach succeeded to an extent; however, native GFP fluorescence was weak, especially in extrapulmonary organs, and the protein was best visualized with an anti-GFP antibody. Inefficient use of the IRES element in the transgenic mRNA is a possible explanation for this result (47) . In principle, an RTIbac derivative containing a podoplanin-GFP fusion protein construct might produce a brighter GFP signal.
In contrast to greater type I cell specificity in lung, transgene expression in extrapulmonary organs appeared rather similar to Western blot analysis of rat and mouse podoplanin expression in wild-type mouse, line 9 transgenic mouse, and normal rat organs. Duplicate blots of total protein extracted from the indicated organs were probed with antibodies against mouse (left) and rat (right) podoplanin. One hundred sixty micrograms of protein per lane were loaded except for lung lanes, which were 10-fold underloaded (16 mg) due to high podoplanin levels in this tissue, a difference indicated with asterisks in lung lanes. In lung and brain lanes, chemiluminesence in the 40-kD bands was quantified, corrected for the 10-fold loading factor and normalized to expression in wild-type mouse lung (for lanes in the left panel) or normal rat lung (for lanes in the right panel). The values for mouse podoplanin in wild-type mouse lung and brain are 100% and 7.5%, and for mouse podoplanin in line 9 lung and brain, 88% and 3.6%, respectively. The corresponding values for rat podoplanin in line 9 lung and brain are 416% and 20% and for rat podoplanin in normal rat lung and brain, 100% and 8.8%, respectively. The signal to noise ratios in the remaining lanes were too high to reliably quantitate protein levels in these organs. Rat and mouse podoplanin have similar patterns of expression in the organs examined. The RTIbac rat podoplanin transgene is expressed in a similar pattern. (Bottom) Cell specificity of mouse and rat podoplanin and GFP expression in RTIbacGFP transgenic organs. Frozen thin sections of eye (top row), brain (middle row), and kidney (bottom row) were co-stained for mouse podoplanin (red in B, H, and N) and GFP (green in C, I, and O); corresponding phase contrast images are in D, J, and P. These images are enlarged from the areas outlined in the low magnification phase contrast views in A, G, and M. Separate tissue sections stained for rat podoplanin are shown in E, K, and Q (red) along with corresponding phase contrast images in F, L, and R. The rat podoplanin transgene shares the same cell specificity of expression in these organs as the endogenous mouse podoplanin gene. GFP transgene expression in kidney was barely above background but overlapped with mouse podoplanin expression in eye and brain.
the endogenous gene. By immunofluorescence microscopy, the rat podoplanin transgene and the endogenous mouse podoplanin gene were expressed in similar cell populations in choroid plexus, eye ciliary epithelium, and renal glomerulus. An exhaustive analysis of transgene expression in other mouse organs was beyond the scope of the present study. In particular, we did not examine expression in osteocytes (12, 13) , keratinocytes (9), extrapulmonary lymphatics (11, 22, 38) , glutamatergic neurons (10), or the stroma in spleen and thymus (15, 41, 42) , all documented sites of either rat or mouse podoplanin expression. At the whole organ level, the ratio of lung to extrapulmonary organ expression on Western blots was generally similar for both proteins. Finally, the 25:1 ratio of lung to brain or kidney for rat podoplanin mRNA content was very similar between line 9 and normal rat organs, indicating that native and transgenic rat podoplanin genes are regulated similarly. Absolute mRNA levels of rat podoplanin were 4.9-to 6.6-fold higher in line 9 than in normal rat for all three organs examined, presumably due to increased podoplanin gene copy number in line 9. Our transgenic results are consistent with previously published descriptions of podoplanin levels in various organs of wild-type mice and rats (6, 10, 11, 13, 48) . In contrast, the human and dog podoplanin genes have a broader range of tissue expression and lack the strong pulmonary bias of the mouse and rat genes (8, 17, 49) . The mechanism of increased type I cell specificity of transgenic rat podoplanin expression is unknown. Isolated rat type I cells contain significantly greater amounts of podoplanin mRNA than isolated type II cells, indicating that regulation at the level of transcript initiation, processing, or stability contributes to differences in podoplanin levels between the two cell types (4). In addition, translational and/or posttranslational mechanisms for podoplanin appear to exist since kidney and brain have nearly identical mRNA levels, yet express very different levels of podoplanin protein ( Figure 7 and Table 2 ). Additional experiments with isolated type I cells as well as lymphatic endothelium, lymphoid stroma, and pleural cell populations from transgenic mice may be able to address some of these questions.
The function of podoplanin is unknown. Mice carrying homozygous deletions of the gene die shortly after birth from respiratory distress, but also have defects in lymphatic vessel function, the latter leading to severe edema (12, 18, 19) . Epithelial mucin properties of podoplanin suggest roles in maintaining surface hydration or establishing protective zones above epithelial or endothelial cell layers (22) . Overexpression of podoplanin in cultured cells generates changes in cell shape and motility, an activity mediated by interaction of ERM family proteins (Ezrin, Radixin, Moesin) with a defined motif in the cytoplasmic domain of podoplanin (21, 22) . Podoplanin expression by tumor cells causes platelets to aggregate on the tumor cell surface, thereby facilitating metastases (20) . Recent studies in a RIP-TAG transgenic tumor progression model implicate podoplanin in an unusual form of tissue invasion that does not require a canonical epithelial-mesenchymal transition (23) . Whether these highly disparate properties reflect single or multiple cellular functions for podoplanin is unclear.
The transgenic lines described here overexpress podoplanin, albeit with differences in species of origin and regulation of expression. We have observed no obvious abnormalities in line 9 mice of up to a year in age and beyond, although more precise functional testing may be necessary to detect differences. This normal phenotype indicates that podoplanin overexpression is tolerated and, perhaps more importantly, that the remaining 140 kbp of nonpodoplanin genomic DNA in RTIbac are not deleterious to transgenic animals. In addition to podoplanin, RTIbac contains a downstream a-tubulin pseudogene, a truncated Pramel7 gene at one end of the insert and a complete but uncharacterized gene, LOC313681, positioned 50 kbp upstream from the podoplanin transcription start site. We have yet to investigate expression of these sequences in our transgenic lines.
A clear advantage of BAC vectors is their ability to confer accurate transgene expression without the complications of position effect and copy number variation inherent in small DNA fragment-mediated transgenesis (27) . Transgenic RTIbac podoplanin expression was highly efficient, with five of six founder lines expressing podoplanin accurately in type I cells. The lone expression-negative founder line may reflect a disrupted podoplanin gene or regulatory element in the integrated RTIbac DNA. Line 9 has four to eight times more transgene copies than in the rat genome and expressed from 4.9-to 6.6-fold more podoplanin RNA in the three tissues examined. The other transgenic lines described in Figure 1 contained between one and eight times the copy number of the rat genome, but we have not physically characterized the integrated transgene locus in any of these lines.
The general utility of BAC vectors is somewhat hindered by the need for homologous recombination based strategies instead of traditional DNA ligase approaches to make even simple modifications (27) . However, recent advances in recombination methodologies, particularly in the lambda RED/ galK system, have dramatically simplified BAC modification (50) . These techniques should ease replacement of podoplanin coding sequences in RTIbac with other cDNAs of interest, permit targeted mutation of selected regulatory elements to further improve the specificity of transgene expression in type I cells, and facilitate construction of RTIbac derivatives containing multiple functionalities on a single BAC. Our characterization of the ability of RTIbac vectors to deliver transgenes to type I cells represents an important step toward these goals.
